I. Introduction
Multilayer waveguides are used in the implementation of variety of optical devices including modulators, waveguide polarizers, semiconductor lasers, Bragg reflectors, directional couplers and sensors [1] [2] [3] [4] [5] [6] [7] . Polarizer is an important component in optical communication and sensor systems [2, 3] . For selecting a particular polarization, different polarizers utilize different techniques like birefringence, resonant mode coupling and different TE/TM level of absorption in multilayer waveguides [5] . To implement these techniques various kind of material are used as specific layers (cladding, buffer) in the waveguide structures [6] . The polarization property which is used in this paper is to selectively attenuate the TE or TM modes of the optical waveguide, resulting in a TM-pass or TE-pass polarizer [7] . Indium-Tin-oxide (ITO), a wide band gap semiconductor which comes under the group of transparent conductive oxides, has been used successfully as an absorbing layer to select a specific polarization [8] [9] . Planar waveguides with semiconductor cladding exhibit various interesting characteristics due to presence of regions of selected high and low attenuation for different polarization modes (TE/TM) of the propagating light at different spectra [10] [11] [12] . Unlike metal cladding on dielectric guides which mainly attenuate the TM mode, a semiconductor cladding allows the selective attenuation of either TE or TM polarization [13] [14] . The design of TE/TM pass polarizer with metal clad high index buffer layer has also been proposed in a previously published article [15] . But to design polarizers with such a technique, expensive metals like Au and Ag are needed for cladding layers. High index buffer layers are also the additional requirement in designing good extinction ratio polarizers with metal clad waveguides. On the other hand, silicon comes in the category of most abundant material on the earth and is not very expensive. Also in case of silicon clad waveguides efficient polarizers may be designed without buffer layers. In earlier times, silicon clad optical waveguide structures have been studied [16] for polarization effects, but a complete theoretical analysis for polarizer parameters like high extinction ratio and low insertion loss is yet to be done for both polarizations. Polarization and frequency selective effects in Silicon-Clad waveguide have been observed many times with complex methods like FEM [17] [18] [19] .In this work instead of complex methods, we used Transfer Matrix Method (Appendix-A) which is very simple and reliable method [20] [21] [22] [23] . It has been observed that by changing the thickness of semiconductor cladding layer, the TE or TM modes in dielectric guiding layer may be selectively attenuated. This polarization effect is due to the coupling between lossy modes of the dielectric waveguide and modes supported by silicon cladding layer.
We propose that by selecting a specific thickness of silicon layer (cladding) a particular polarization mode can be passed with a negligible loss and at the same thickness other polarization mode can be rejected with very high attenuation value. In other words at some critical value of silicon thickness, an integrated polarizer with high extinction ratio can be designed for both polarizations. All the necessary parameters for TE and TM polarizations have been calculated and tabulated. Along with attenuation and dispersion curves, field profiles are also generated to support the results. The complex eigenvalue equation describing the structure is exactly solved numerically by Muller's method [22] . Fig.1 shows the three layer silicon waveguide structure and coordinates. The substrate and air cover are considered to be lossless and are presented by real refractive index values. Silicon as a lossy guiding layer is characterized by a complex value of refractive index at the wavelength of 0.6328µm. The cover (air) and substrate layer are assumed to be semi-infinite. The values of the structural parameters used in the analysis of three/four layer silicon clad waveguide are given in Table 1 . The modes of the waveguide are characterized by a complex propagation constant given as
II. Mode Solutions For Three/Four Layer Silicon Clad Waveguide
 is the absorption loss in the waveguide structure and
is the mode effective refractive index. 
Fig. 2 Lossy modes supported by silicon waveguide
Transfer Matrix Method is used to find eigen modes in the planar waveguide structure [24] . Transfer matrix of each layer is calculated, and the dispersion equation for the waveguide structure has been obtained. The resulting dispersion equation for both TE and TM modes is solved by numerical iteration method. Fig.2 shows the modes supported by silicon waveguide for both polarizations. These modes are the guided modes propagating in silicon layer. For the proposed four layer structure, these modes will behave as lossy modes supported by silicon thickness. Fig.3 shows the proposed structure of four layer silicon clad waveguide. The waveguide considered is a lossless single mode potassium ion exchange glass waveguide in microscopic glass slider with guide thickness (d 1 ) of 1.5µm, which is sufficient to support fundamental TE o and TM o modes. The glass waveguide supports only the fundamental modes; however as the thickness of the silicon layer is increased the number of modes supported by composite structure increases but having very high losses. For the proposed structure the role of silicon thickness is as a cladding layer. Here also the same TMM is employed to find the mode solutions. 
III. Results And Discussion

TM Pass Polarizer:
Let us now consider the proposed structure (as shown in Fig.3 ) with the selected values of the waveguide parameters for the feasibility of designing an integrated polarizer. Fig.4 shows the variation of mode effective index with the silicon layer thickness. For three layer silicon waveguide structure, mode index find its maximum value around the value of real part of silicon refractive index. In case of four layer composite structure, mode index is restricted to the value around the refractive index of guiding layer which shows that it is a coupled guided mode. From Fig.4 , it is also clear that initially the mode effective index increases with the thickness of the silicon layer and become maximum at the critical thickness. At this thickness, complete phase matching between the guided mode and lossy mode takes place and almost all the energy of the guided TE mode is shifted into the cladding layer where it is absorbed. On increasing silicon thickness further, the mode effective index decrease and then again increase, where the guided mode now couples to the next higher mode supported by the silicon. This phase match is present at each of the successively higher order TE (lossy) mode cut-off thicknesses and corresponds to the respective attenuation peak for the composite structure. Fig.5 shows that for the silicon thickness of 0.0084µm, there is a sharp peak of attenuation for TE mode. The loss at this thickness is about 6930 dB/cm and the corresponding loss for TM polarization is extremely low as shown in Fig.7 . This may lead to design a TM pass polarizer with high extinction ratio. Waveguide modes can be best analysed using field plots. Fig.8 shows the field plot for both polarizations (TE/TM) for the silicon thickness of 0.0084 µm plotted as a function of the waveguide cross section. It is clear that the field confinement for TE mode in silicon layer is much better than TM mode. There is no resonant coupling for TM mode in silicon layer and most of its energy is confined to the waveguide. Therefore, at this Silicon thickness, a TM pass polarizer with extinction ratio of 690 dB and insertion loss of 2.8 dB can be designed for the polarizer length of 1mm. One another peak of attenuation can be seen in fig.5 The calculated parameters for TM pass polarizer are also shown in Table 2 . The results for silicon clad waveguide polarizer are better in comparison to wide band gap ITO clad waveguide polarizer [9] . 
TE Pass Polarizer:
Using the same principle of selective attenuation in the proposed structure a TE pass polarizer can also be designed. Variation of attenuation and mode effective index as a function of silicon thickness is shown for TM polarization in Fig.6 and Fig.7 respectively.
Fig.9 Electric field profile for TE pass polarizer
A similar nature is observed for TM polarization as that for TE. The first strong peak appears at silicon thickness of 0.0422 µm. The loss for TM mode at this thickness is about 2900 dB/cm. The corresponding loss for TE mode is very low as shown in Fig.5 . These results clearly indicate that a TE pass polarizer of the length of 1mm can be designed with the extinction ratio of 289 dB and insertion loss of 1.5 dB. The possibility of designing TE pass polarizer is also supported by the field profile, plotted for both polarizations as shown in Fig.9 . It is clear that most of the energy of TM mode is confined in the silicon cladding and the corresponding energy of the TE mode is mostly confined within the waveguide region. For this case, calculated parameters are shown in table 3. Although in this paper, a complete theoretical analysis of the silicon clad waveguide structure has been performed. But polarizers for both polarizations as suggested can be experimentally realized easily. The theoretically assumed ion exchanged waveguide parameters like depth and index can be experimentally realized with precise control [25, 26] . Silicon film can also be easily deposited on ion exchange glass waveguides and also these Silicon-on-insulator (SOI) devices have excellent compatibility with Complementary metal-oxidesemiconductor (CMOS) technology [27] . Our results show that silicon layer starts supporting high TE attenuation peaks from a thickness of 0.0084µm. A similar observation can be seen in an experimental study of slightly different waveguide structure at the wavelength of 633 nm [14] .
IV. Conclusion
We have analysed in detail the silicon clad optical waveguide structure for high extinction ratio TE/TM pass polarizers at the wavelength of  = 0.6328 µm. It is observed that due to periodic coupling between lossy modes supported by silicon and guided modes of guiding layer, these structures exhibit a damped oscillatory 
